Somatic cell nuclear transfer (SCNT) has been used for the cloning of various mammals. However, the rates of successful, healthy birth are generally poor. To improve cloning efficiency, we report the utilization of an 'autologous SCNT' cloning technique in which the somatic nucleus of a female bovine donor is transferred to its own enucleated oocyte recovered by ovum pick up, in contrast to the routine 'allogeneic SCNT' procedure using oocytes from unrelated females. Our results showed that embryos derived from autologous SCNT have significantly higher developmental competence than those derived from allogeneic SCNT, especially at the eight-cell (60 vs 44%), morula (45 vs 36%), and blastocyst (38 vs 23%) stages. The pregnancy and birth rates were also higher for the autologous (39 and 23%), compared to the allogeneic (22 and 6%) SCNT groups. Genome-wide histone3-lysine9 methylation profiles reveal that autologous SCNT embryos have less epigenetic defects than the allogeneic SCNT embryos. This study indicates that autologous SCNT can improve the efficiency of bovine cloning with less reprogramming deficiency.
Introduction
Somatic cell nuclear transfer (SCNT) has been successfully utilized in generating cloned animals in various mammalian species, such as sheep, cattle, mouse, goat, pig, cat, rabbit, rat, mule, and horse (Campbell et al. 1996 , Wilmut et al. 1997 , Cibelli et al. 1998 , Kato et al. 1998 , Wakayama et al. 1998 , Baguisi et al. 1999 , Polejaeva et al. 2000 , Chesne et al. 2002 , Shin et al. 2002 , Galli et al. 2003 , Woods et al. 2003 , Zhou et al. 2003 . At present, the SCNT technique involves the adoptive transfer of a donor somatic nucleus to another individual's enucleated oocyte, termed here as 'allogeneic SCNT'. The overall efficiency of this procedure is low (Wilmut et al. 2002) . Cloned embryos often die soon after implantation (Rideout et al. 2001) and throughout gestation, with many fetuses displaying a neonatal phenotype resembling large offspring syndrome (Hiendleder et al. 2004 ) with respiratory and metabolic abnormalities, as well as dysfunctional placentas (Wakayama & Yanagimachi 1999) . The basis of this low efficiency remains unclear. Incomplete epigenetic reprogramming of the somatic nucleus was proposed to cause developmental failure of cloned embryos (Rideout et al. 2001) , and the interaction between the nucleus of the donor cell and the cytoplasm of the recipient oocyte was also suggested to play an important role in somatic nuclear reprogramming during the early development of the cloned embryos (Hiendleder et al. 2004) .
In order to increase cloning efficiency, improve the developmental potential of cloned embryos, and reduce the incidence of prenatal and postnatal abnormalities, we modified the SCNT procedure by transferring a female bovine donor cell nucleus to the donor's own enucleated oocyte, a process we term 'autologous SCNT'. Here, we compared the efficiency of bovine cloning using autologous SCNT with allogeneic SCNT at various development stages (preimplantation, postimplantation, and after birth). We also analyzed the genome-wide histone3-lysine9 methylation (H3-dimethK9) profiles of the in vitro autologous SCNT and allogeneic SCNT blastocysts. Our results show that the autologous SCNT can improve the efficiency of bovine cloning and result in less abnormal epigenetic profiles.
Materials and Methods
Unless specifically indicated, all chemicals were bought from Sigma.
Animals
Dairy heifers (Holstein) between 12 and 13 months of age at the beginning of the research with a similar weight and health condition were used for ovum pick up (OPU). The heifers were barn-housed and fed a mixed ration consisting of hay and a commercial feed concentrate. Heifers were provided by the Songjiang Experimental Animal Facility affiliated with the Institute of Medical Genetics of Shanghai Jiao Tong University, China. The investigations were conducted in accordance with the protocols and guidelines for agricultural animal research imposed by the Committee for Ethics of Shanghai.
Ovum pick up and in vitro maturation
The OPU was performed weekly as we described previously (Yang et al. 2005a ) using ultrasound guidance (SSD-500; Aloka Co. Tokyo). Briefly, after emptying the rectum and thoroughly cleaning the vulva and perineal area, the transducer was advanced to the external os of the cervix. When the ovary was relocated and the targeted follicles were stabilized on the puncture line, an 18-gauge needle was inserted in the guide, advanced through the vaginal wall and into the follicle antrum. Follicles (2-5 mm in diameter) together with the follicular fluid were aspirated using continuous negative pressure (about 80 mmHg) into D-PBS (pH 7.4; Gibco) medium containing 3% BSA and 2 IU/ml heparin.
In vitro maturation of bovine oocytes was carried out as described previously (Huang et al. 2001) . Only cumulus oocyte complexes (COCs) with a compact, nonatretic, multilayer cumulus oophorus corona radiata, and homogenous ooplasm were selected for maturation. The selected COCs were matured in tissue culture medium (TCM)-199 (Gibco) with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA), 10 mg/ml luteinizing hormone, 1 mg/ml E2 and 1 mg/ml follicle-stimulating hormone, and 1% (V:V) penicillin/streptomycin in 50 ml microdrops with mineral oil. Maturation was performed at 38.5 8C in a humidified 5% CO 2 in air incubator.
Donor cell preparation
On the day of NT, 20 h after the onset of maturation, cumulus cells were isolated by pipetting in PBS, supplemented with 2.5 mg/ml hyaluronidase and transferred to TCM-199 for use as donor cells. They were fused with enucleated oocytes either from the same donor female (autologous cloning) or from a different female (allogeneic cloning).
Nuclear transfer and embryo culture
All matured oocytes having an extruded first polar body with uniform cytoplasm were used for nuclear transfer. Nuclear transfer was performed as previously described (Park et al. 2004 , Yang et al. 2005b ) with minor modifications. Briefly, after 20 h of in vitro maturation, oocytes were transferred into microdrops of TCM-199 supplemented with 5 mg/ml cytochalasin B and 10% FCS. Enucleation was performed with a 20 mm (internal diameter) glass pipette by aspirating the first polar body and a small amount of surrounding cytoplasm. The expelled cytoplasm, but not the enucleated oocyte per se, was stained with 1 mg/ ml Hoechst 33342 (to confirm that the nuclear material had been removed). After enucleation, the donor cell was introduced through the same slit in the zona pellucida and wedged between the zona pellucida and the cytoplasm membrane, to facilitate close membrane contact for subsequent fusion. After injection, reconstructed embryos were placed in TCM-199 with 10% FCS until fusion.
Reconstructed oocytes were electrically fused 22 h after initiation of maturation (hpm) in a buffer composed of 0.3 M mannitol, 0.15 mM calcium, and 0.15 mM magnesium. Fusion was performed at room temperature in a chamber (filled with fusion buffer) with two stainless steel electrodes, 1 mm apart. Cell fusion was induced with two pulses of direct current (2.5 kV/cm for 10 ms each) by a BTX Electro Cell Manipulator 200 (BTX, San Diego, CA, USA). Embryos were examined for fusion under a microscope. All fused embryos were further activated by culturing for an additional 5 h in TCM-199 medium with 10% FCS, 5 mg/ml cytochalasin B, and 10 mg/ml cycloheximide.
Reconstructed embryos were cultured in microdrops of B2 medium (INRA, Paris, France) with 10% FCS on a monolayer of Vero cells (Yang et al. 2005b) , under a humidified atmosphere of 5% CO 2 in air at 38.5 8C. The cleavage and the blastocyst rates were determined at 48 h and 7 days after activation respectively.
In vitro fertilization (IVF)
As a control, 20 h after in vitro maturation, metaphase II (MII) oocytes were fertilized with frozen-thawed bull semen from a single ejaculate (Dinnyes et al. 2000) . The embryos were then cultured as described previously.
Embryo transfer
On the seventh day after observed estrus, 13 singleautologous SCNT and 18 single-allogeneic SCNT embryos were transferred nonsurgically into the uterine lumen ipsilateral to the corpus luteum of each heifer (Chinese Holstein Cattle). Pregnancies were confirmed on day 60 by ultrasonography and thereafter on day 90 by trans-rectal palpation. These cows were observed periodically until the cloned calves were born.
Microsatellite determination of cloned calves
Genomic DNA was extracted from peripheral blood of the cloned calves, donor heifers and foster mothers, randomly selected Chinese Holstein Cattle, as well as donor cell lines for microsatellite genotyping of parentage identification. Nine microsatellite markers recommended by the International Society of Animal Genetics (ISAG) in Tours, France, 1996 -BM1824, BM2113, SPS115, ETH3, ETH10, ETH225, TGLA122, TGLA126, TGLA227 -were chosen for analysis of parentage testing (three multiplexes) (http://www.projects.roslin.ac.uk/cdiv/markers.html) at Genecore Biotechnologies, Shanghai, China.
Amplification and sequencing of mtDNA D-loop DNA was extracted from peripheral blood of donor heifers, foster mothers, and cloned calves. The complete D-loop, a mitochondrial DNA (mtDNA) mutation hot spot, was amplified with primer pairs H1 (5 0 -CTGCAGTCTCAC-CATCAACC-3 0 ) and L1 (5 0 -GTGTAGATGCTTGCATGTG-TAAGT-3 0 ). PCRs were performed as follows: a pre-denaturation step of 94 8C for 5 min followed by 32 cycles of 94 8C for 45 s, 62 8C for 45 s and 72 8C for 1 min, and a final extension step at 72 8C for 10 min. PCR products were detected on a 2% agarose gel and purified with UltraPareTM PCR purification Kit (SBS Genetech, Beijing, China) according to the manufacturer's instructions. Direct sequencing of PCR products was performed on an ABI377 DNA sequencer, and sequence homology analyzed with Cluster X software.
Indirect immunoflurorescence of histone H3-K9
Procedures using an antibody to identify H3-K9 dimethylation specifically in the context of constitutive heterochromatin in the embryo were performed as described by Santos et al. (2003) with minor modifications. Briefly, blastocysts were washed in PBS, fixed for 15 min in PBS with 4% paraformaldehyde, and permeabilized with 0.5% Triton X-100 in PBS for 30 min at room temperature (RT). After washing with 0.05% Tween-20 in PBS, samples were blocked overnight at 4 8C in blocking solution (1% BSA and 0.05% Tween-20 in PBS). The preimplantation embryos were stained overnight at 4 8C with anti-histone H3-dimethK9 antibody (Abcam, UK) diluted in the ratio of 1:250, followed by goat anti-rabbit FITC-conjugated secondary antibody detection. Observations were performed with a Nikon TE2000 epifluorescence microscope. Embryos that could establish histone H3-dimethK9 asymmetry, with lightly stained trophectoderm and more intensely stained inner cell mass (ICM) uniformly, were considered normal, whereas those embryos with a homogeneous staining pattern were classified as having abnormal H3-K9 staining (Dean et al. 2001 , Santos et al. 2003 .
Statistical analysis
Differences in developmental potentials among different treatment groups were analyzed with chi-squared tests using SAS 6.12 program. A P value !0.05 was considered significant.
Results

Ovum pick up
The average number of oocytes recovered per heifer was 8.2 COCs. A total of 4044 COCs were obtained from 492 OPU procedures, and 1973 high-quality MII oocytes from this group were used for SCNT and 306 for IVF.
Comparison of preimplantation and postimplantation development between embryos from autologous SCNT and allogeneic SCNT As summarized in Table 1 , the autologous SCNT embryos had significantly higher developmental potential than the allogeneic SCNT embryos at the eight-cell embryo (60 vs 44%), morula (45 vs 36%), and blastocyst (38 vs 23%) stages (Fig. 1) . About 40% IVF embryos developed to blastocysts as usual, in our facility. Note that the autologous, allogeneic, and IVF embryos were produced at the same OPU session, and the conditions for the three groups were kept as similar as possible for the procedures and assays described in this paper.
We also observed a difference in pregnancy and delivery rates between these two groups. Thirteen blastocysts derived from autologous SCNT and eighteen blastocysts derived from allogeneic SCNT were transferred into thirteen and eighteen pseudopregnant recipients respectively. The pregnancy rates at Day 90 Table 1 In vitro development of autologous and allogeneic somatic nuclear transfer bovine embryos reconstructed with cumulus cells.
SCNT type Oocyte
No. of replicates Percentage based on number of surviving reconstructed embryos activated and cultured following KCC fusion.
Bovine cloning using autologous SCNT of gestation were 38.5 and 22.2% for autologous and allogeneic respectively. Three out of the thirteen recipients in the autologous SCNT group carried their fetuses to term (23.1%), whereas only one calf was born in the allogeneic SCNT group (5.6%; Table 2 ). There was no apparent defect or abnormality noted in any of these four cloned calves, and as expected, all were females.
Microsatellite determination of origin of cloned calves
Microsatellite profiles determined by the nine markers recommended by the ISAG showed exactly the same pattern for each of the cloned calves, its original bovine donor, and the donor cells used for initial cloning. In contrast, most of the microsatellites between the cloned calves and their foster mothers, as well as randomly selected Chinese Yellow Cattle were very different. This data confirmed that the genomes of these cloned calves evidently originate from the donor cells.
mtDNA D-loop sequence homology comparison of cloned calves
An mtDNA fragment, approximately 1.1 kb, which includes a complete D-loop sequence, could be amplified from all the samples. Sequence homology comparisons for three autologous cloned calves showed that the mtDNA D-loop sequences were identical to their respective donor cells and oocytes from the donor, but different from their foster mothers; not surprisingly, the mtDNA D-loop sequences of allogeneic cloned bovines were different from those of the donor cells and their foster mothers.
Histone H3-K9 methylation
The patterns of distribution and intensity of dimethylated lysine 9 of histone H3 (H3-dimethK9) parallel closely with that of overall DNA methylation (Santos et al. 2003) . In this study, the methylation profile of H3-K9 at blastocyst stage was determined to investigate the differences in epigenetic reprogramming in embryos derived from autologous SCNT, allogeneic SCNT, and IVF as normal control. Histone H3-K9 methylation analysis showed that the patterns of the cloned embryos derived from autologous SCNT resemble more closely with the H3-K9 profile from the control (IVF) embryos than the allogeneic SCNT (Table 3 ; Fig. 2 ). Eighty-one percent (21/26) of the control embryos (IVF) and fiftythree percent (9/17) of the autologous SCNT embryos successfully established epigenetic asymmetry with the trophectoderm showing lighter H3-K9 staining than that of the ICM. On the other hand, only 9% (1/11) of the embryos derived from allogeneic SCNT successfully established this asymmetry. The proportion of the IVF embryos displaying the apparently correct histone methylation pattern (81%) was not significantly different compared with in vivo developed embryos (7/9; 78%; P value of chi-squared test was 1). The difference in the successful establishment of epigenetic asymmetry between the embryos derived from autologous SCNT and IVF was not significant (P value was 0.09), whereas differences for autologous SCNT and allogeneic SCNT, or IVF and allogeneic SCNT, were significant (P values were !0.001 and !0.05 respectively).
Discussion
Most previous studies of nuclear transfer depended on large numbers of oocytes that were derived from the ovaries of slaughtered cows, thus the genetic background of these oocytes are usually unknown. In this study, all oocytes used were recovered by OPU, which allowed us to keep track of the genetic origin of the oocytes, in addition to that of the donor cells, for a more valid comparison between the effect of autologous SCNT and allogeneic SCNT. Furthermore, in view of the important interrelationship between the nucleus and cytoplasm in embryo development, we are able to preserve the molecular and genetic context of these two compartments in the case of cloned embryos from autologous SCNT. Mammalian preimplantation embryos rely mainly on maternal RNA and proteins for their development until embryonic genome activation (EGA) when a large number of genes required for further development are activated by the newly formed embryo (Zeng et al. 2004 , Zeng & Schultz 2005 . The embryonic transcripts become essential for development thereafter because in the absence of these transcripts, embryos cannot cleave beyond the 9-to 16-cell stages in cattle (Memili & First 1998 . Our results demonstrated that embryos derived from autologous SCNT have a significantly higher developmental competence than those from allogeneic SCNT, especially at the preimplantation stages of eight-cell, morula, and blastocyst. Interestingly, the differences in developmental competency between the autologous and the allogeneic groups beyond the eight-cell stage coincide with the timing of the 'major gene activation' (Memili & First 1999 , Brunet-Simon et al. 2001 . Thus, as more embryos in the autologous SCNT group developed beyond this 'major gene activation' stage, these embryos may have a betterpreserved mechanism for EGA, its regulation, and the resulting early embryonic development than those of the allogeneic SCNT embryos.
Previous studies show that the majority of cloned embryos dies throughout gestation, with only a small proportion reaching live birth (often !4%) (Wilmut et al. 2002 , Hochedlinger & Jaenisch 2003 . In our study, the differences for the rates of pregnancy and live-born calves between the autologous SCNT and the allogeneic SCNT groups may reflect differences in blastocyst development prior to the embryo transfer, and suggest that the autologous SCNT preimplantation embryos may have a more appropriate microenvironment for further peri-and postimplantation development of the cloned embryos.
DNA methylation and chromatin errors are thought to contribute significantly to the low efficiency of somatic nuclear transfer (Kang et al. 2001) . A recent study using the histone deacetylase inhibitor TSA to enhance the pool of acetylated histones (and associated DNA demethylation) indicated that this treatment apparently increased cloning efficiency in mouse, again suggesting the importance of these epigenetic factors in the development of clone embryos (Kishigami et al. 2006) . Using antibodies to 5-methyl-cytosine and to the methylated and acetylated modifications of lysine 9 of histone H3, Santos et al. (2002 Santos et al. ( , 2003 and Dean et al. (2001) characterized epigenetic profiles of preimplantation embryo chromatin. Accumulating evidence suggests that epigenetic reprogramming is severely defective in the cloned embryos from SCNT (Dean et al. 2001 , Kang et al. 2001 . At the blastocyst stage in both mouse and bovine, the inner cell mass (ICM), which gives rise to adult tissues, is normally hypermethylated, whereas trophectoderm (which gives rise to mostly placental tissues) is not (Dean et al. 2001 , Santos et al. 2003 . Therefore, we used the epigenetic asymmetry between ICM and trophectoderm as a reference to determine the proportion of embryos that have successfully achieved epigenetic reprogramming. Embryos that did not exhibit asymmetry had hypermethylated trophectoderm. Chromatin hypermethylation is associated with repression of transcription and gene silencing (Bird & Wolffe 1999 , Rideout et al. 2001 . Our results of the H3-K9 stain intensity showed that most of the control embryos (IVF) and autologous SCNT embryos established the epigenetic asymmetry successfully. However, only 1 out of the 11 allogeneic SCNT embryos achieved the epigenetic asymmetry. Thus, autologous SCNT may Figure 2 Epigenetic profiles of autologous SCNT, allogeneic SCNT, and IVF embryos. The bovine embryos were double stained for histone H3-K9 methylation (green) and DNA (blue, stained with DAPI to identify the nuclear compartment). The left column shows representative images of the anti-histone H3-dimethylK9 (H3-K9) immunofluorescence from IVF embryos (A, nZ26), autologous SCNT embryos (B, nZ17), and allogeneic SCNT embryos (C, nZ11) respectively. Blastocysts from IVF (A) and autologous SCNT treatments (B) showed hypomethylated trophectoderm and hypermethylated ICM, whereas allogeneneic SCNT blastocysts (C) had a more homogeneous pattern between trophectoderm and ICM.
Bovine cloning using autologous SCNT decrease deficient epigenetic reprogramming during clone preimplantation development, which in turn decreases the occurrence of placental abnormalities associated with inappropriately repressed gene expression in the SCNT embryos.
Nuclear-cytoplasmic interactions are generally required for the faithful reprogramming that ensures the proper activation of genes during reconstructed embryonic development. Studies have shown different cloning efficacies for the production of viable and phenotypically normal offspring when using different combinations of nuclear donor cells and recipient oocyte cytoplasm in SCNT embryos (Du et al. 2002) . Hiendleder et al. (2004) reported that recipient cytoplasm obtained from different bovine breeds could affect the in utero development, phenotype, and cellular metabolism of bovine nuclear transfer fetuses and this may be directly related to complex oocyte cytoplasmdependent epigenetic modifications. This is consistent with our finding that cloned embryos resulting from autologous SCNT have higher developmental potential than that of the allogeneic cytoplasm, probably due to a higher level of compatible factors contained in the autologous embryo cytoplasm that are crucial for nuclear reprogramming (Du et al. 2002) .
There are a few other potential uses for and advantages of autologous SCNT, besides improvement of bovine cloning, which may extend the utility of the technique. First, this procedure can be applied to virtually all mammalian systems. Although the described experiments used the nuclei of female somatic cells as the donors for autologous SCNT, nuclei from male somatic cells can also be employed as donors when using enucleated recipient oocytes from the same maternal lineage. Since mitochondrial DNA are inherited maternally, once an oocyte from the maternal lineage is obtained, somatic cells from any progeny are adequate for 'near-autologous' SCNT. Mammalian mitochondrial components are encoded by both the mitochondrial and the nuclear DNA, requiring extensive nuclear-mitochondrial interactions for appropriate organelle function. Results of inter-species SCNTs suggested that evolutionarily more closely related species experience fewer problems with nuclear-mitochondrial compatibility (Rideout et al. 2001) . A mitochondrial heteroplasmy study also showed that injection of foreign somatic cytoplasm or mitochondria affected parthenogenetic development of murine oocytes (Takeda et al. 2005) . In the case of autologous cloned embryos, homoplasmy is preserved, and therefore most nuclear-mitochondrial incompatibilities could be avoided since both the nucleus and mitochondria of the reconstructed embryos come from the same individual. Secondly, the autologous SCNT technique enables the production of 'true cloned' animals. Cloned animals developed by allogeneic SCNT often represent 'genomic copies' of the nuclear donor, rather than true clones of the original individuals. Allogeneic SCNTwill lead to partial or complete modification of the mitochondrial background of an embryo, and this may not only affect the immediate developmental competence, but also irreversibly change the inheritance of mitochondrial genes from the maternal lineage. Nevertheless, this issue theoretically can be avoided in terms of autologous SCNT since all the cellular components and the genetic origins are identical to that of the original donor. This in turn can be beneficial to 'therapeutic cloning' (Hochedlinger & Jaenisch 2003) . Finally, SCNT may provide useful experimental models for studying interactions between the nucleus and the cytoplasm, in addition to epigenetic reprogramming models in cloned embryos.
